The utility of plasma total tau level as a prognostic marker for cognitive decline and dementia is not well understood.
M ultiple studies suggest that total tau levels can be measured in plasma. Cross-sectionally, some studies have reported elevated plasma total tau levels among participants with Alzheimer disease (AD) dementia or mild cognitive impairment (MCI), but other studies have not found a difference. [1] [2] [3] [4] [5] [6] Few studies have examined whether plasma total tau level could be used as a prognostic marker or risk factor for cognitive decline and dementia. One recent study using Alzheimer's Disease Neuroimaging Initiative (ADNI) data reported that elevated plasma total tau levels were associated with greater cognitive decline and a larger increase in ventricular volume over 4 years among MCI and AD participants. 6 We sought to build on these findings by examining the association between plasma total tau level, cognitive decline, and risk of MCI and dementia in the Mayo Clinic Study of Aging (MCSA). Considering the ongoing secondary prevention amyloid β (Aβ) trials, we also examined whether there was an interaction between elevated brain Aβ and plasma total tau levels for rate of cognitive decline and progression to MCI. Lastly, we determined whether plasma total tau level could be utilized as prognostic indicator of cognitive decline over a short trial duration of 15 months.
Methods

Participants
The present study was conducted with data from the MCSA, a prospective, population-based study that began in 2004 in Olmsted County, Minnesota. 7 The study initially recruited Olmsted County residents between the ages of 70 and 89 years using an age-and sex-stratified random sampling design. Since 2004, the population has been re-enumerated several times and extended to cover the ages of 50 to 90 years or older following the same sampling strategy. Residents randomly chosen for recruitment were invited to participate in the MCSA, and those without a medical contraindication (eg, pacemaker) were invited to participate in imaging studies. The present analyses included 458 participants aged 56 to 95 years with plasma total tau measures, Aβ positron emission tomography (PET) imaging, and cognitive testing at the same study visit and at least 1 follow-up visit with cognitive testing. All participants were enrolled between October 2008 and June 2013. The study protocols were approved by the Mayo Clinic and Olmsted Medical Center institutional review boards. All participants provided written informed consent and received financial compensation.
Participant Assessment
The MCSA visits occurred every 15 months and included a physician examination, an interview by a study coordinator, and neuropsychological testing administered by a psychometrist. 7 Physician examinations included a review of the participant's medical history, a neurologic examination, and administration of the Short Test of Mental Status. 8 Study coordinator interviews included participant demographic information and medical history and the participant and informant Clinical Dementia Rating scale. 9 The neuropsychological battery included 9 tests covering 4 domains: (1) Using the mean (SD) from all participants included in this study, test scores were converted to z scores. Global cognition was calculated using the z-score-transformed means of the 4 cognitive domains.
MCI and Dementia Diagnostic Determination
For each participant, performance in a cognitive domain was compared with the age-adjusted scores of cognitively normal (CN) individuals previously obtained using Mayo's Older American Normative Studies. 16 This approach relies on prior normative work and extensive experience with the measurement of cognitive abilities in an independent sample of participants from the same population. Participants with scores approximately 1.5 SDs below the age-specific mean in the general population were considered for possible cognitive impairment. A final decision was made after considering educational level, occupation, visual or hearing deficits, and reviewing all other participant information. The diagnosis of MCI was made by a consensus agreement between the study coordinator, examining physician, and neuropsychologist using published criteria. 17 Participants with MCI were classified as having amnestic MCI (aMCI) if the memory domain was impaired. The diagnosis of dementia 18 and AD 19 were based on published criteria. Participants who performed in the normal range and did not meet criteria for MCI or dementia were deemed CN.
Plasma Total Tau Enzyme-Linked Immunosorbent Assay of MCSA Samples
Participants' blood was collected in the clinic after an overnight fast. The blood was centrifuged, aliquoted, and stored at −80°C. Plasma total tau levels were measured on the Simoa HD-1 Analyzer (Quanterix), as described previously.
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Key Points
Question Is plasma total tau level a prognostic marker for cognitive decline and dementia, and do these potential associations differ by elevated brain amyloid β levels?
Findings In this cohort study of 458 patients, high levels of plasma total tau were associated with a risk of mild cognitive impairment among cognitively normal participants. However, total tau levels were not associated with risk of dementia among participants with mild cognitive impairment. Elevated brain amyloid β was not a confounder or effect modifier when examining any outcome.
Meaning Elevated plasma total tau levels may be associated with cognitive decline, and this association is independent of elevated brain amyloid β.
Assessment of Covariates
Participant demographics (eg, sex, age, and years of education) were ascertained at the in-clinic examination. Apolipoprotein E (APOE) ε4 genotyping was performed from a blood sample drawn at the in-clinic examination.
Imaging Methods
Amyloid β PET imaging was performed with Pittsburgh Compound B. 20 Participants also completed computed tomography scanning for attenuation correction. Amyloid β PET images were acquired from 40 to 60 minutes after injection and were analyzed with our in-house, fully automated image processing pipeline, 21 where image voxel values are extracted from automatically labeled regions of interest propagated from a magnetic resonance imaging template. An Aβ PET standardized uptake value ratio (SUVR) was formed from the prefrontal, orbitofrontal, parietal, temporal, anterior cingulate, and posterior cingulate and precuneus regions of interest normalized to uptake in cerebellar gray matter. The data were partial volume corrected for voxel cerebrospinal fluid content using segmented coregistered magnetic resonance imaging. Elevated Aβ PET was defined as SUVR greater than 1.40 as previously described.
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Statistical Analysis
The distribution of plasma total tau level was right skewed so that the variable was log base 10 transformed prior to analyses. We used Cox proportional hazards regression models to determine whether the baseline plasma total tau level, as a continuous variable and in tertiles, was associated with risk of MCI among CN participants and risk of dementia (both allcause and AD) among participants with MCI. All participants were censored at their last follow-up visit, diagnosis of MCI or dementia (depending on analyses), or death. Age was used as the time scale. Multivariable models were adjusted for sex, educational level, and APOE ε4. We also examined other variables previously associated with plasma total tau level (eg, diabetes, hypertension, atrial fibrillation, myocardial infarction, and statin use) 5 as potential confounders. Adjusting for these additional variables did not affect the strength of any of the associations; they were therefore not included. Lastly, we adjusted for elevated brain Aβ to determine whether it was a potential confounder. We also examined whether there was an interaction between brain Aβ and plasma total tau levels for predicting risk of MCI and dementia. Kaplan-Meier survival curves were constructed for each outcome.
We used linear mixed-effects models, with an unstructured correlation matrix and random intercepts and slopes, to examine the association between baseline plasma total tau levels and change in global and domain-specific cognition. The models included baseline plasma total tau level (indicating the association between baseline plasma total tau level and baseline cognitive z score), time (indicating annual change in the cognitive z score), and the interaction between plasma total tau level and time (indicating whether baseline plasma total tau level predicted change in the cognitive z score). Change score analyses were used to examine the association between baseline plasma total tau level and 15-month change in each global and domain-specific z score to simulate the timeline of a clinical trial. Multivariable models were adjusted for age, sex, educational level, and APOE ε4 status. We again examined elevated brain Aβ as a potential confounder and/or effect modifier.
For all analyses, we extensively examined the data, including plotting the associations between plasma total tau level and the slopes, assessing for influential outliers, assessing model assumptions, and examining marginal and conditional residuals. There was no evidence of influential outliers and no concerns after assessing the marginal and conditional residuals. Linear mixed-effect and Cox proportional hazards regression model analyses were completed using SAS, version 9.4 (SAS Institute Inc). Kaplan-Meier survival curves were created using the survival package in R, version 3.3.1 (R Foundation). An unpaired, 2-tailed, P < .05 level was considered statistically significant. Figure 1A . In additional analyses, we did not observe an interaction between plasma total tau level as a continuous measure or in tertiles and elevated Aβ level for risk of MCI. Forty-eight of the 67 (71.6%) incident MCI cases were aMCI. In sensitivity analyses, we repeated the analyses using aMCI as the outcome. In multivariable models, each log-unit increase in plasma total tau level was associated with an increased risk of aMCI, but the results were not significant (HR, 1.63; 95% CI, 0.69-3.88). Compared with the lowest tertile of plasma total tau level, both the middle (HR, 2.40; 95% CI, 1.12-5.13) and highest (HR, 1.93; 95% CI, 0.85-4.37) tertiles were associated with an increased risk of aMCI. Adjusting for elevated brain Aβ did not further attenuate this association, and there was not an interaction between plasma total tau level and Aβ for predicting risk of aMCI.
Of the 123 individuals with MCI at baseline, 28 (22.8%) progressed to dementia (20 attributed to AD). There were no associations between plasma total tau level as a continuous variable or in tertiles and risk of either all-cause dementia (multivariable analysis with plasma total tau level as a continuous variable: HR, 1.70; 95% CI, 0.57-5.07) or AD (multivariable analysis with plasma total tau level as a continuous variable: HR, 1.78; 95% CI, 0.61-5.19). Kaplan-Meier plots of these associations are shown in Figure 1B and C. Elevated brain Aβ was not a confounder or effect modifier.
Given the strong associations with age and both plasma total tau level and our outcomes, we used age as the time scale in the Kaplan-Meier plots and for the Cox proportional hazard hazards regression models. In sensitivity analyses, we re- 
Plasma Total Tau Level and Global and Domain-Specific Cognitive Decline
The associations between plasma total tau level and cognitive decline are reported in Table 2 and Figure 2 . Higher baseline plasma total tau levels were associated with greater declines (indicated by the baseline plasma log tau × time coefficient) in global and domain-specific z scores in multivariable analyses. In additional analyses, we observed a significant interaction between plasma total tau level and diagnostic group (P = .02) such that higher plasma total tau level was associated with visuospatial ability declines among participants with MCI (regression coefficient 
Association Between Plasma Tau Level and Change in Cognition Over 15 Months
Last, we determined whether plasma total tau level could be used as a prognostic marker of cognitive decline over a short 15-month interval using change scores ( Table 3) . There were significant interactions between plasma total tau level and diagnostic group, so the analyses were stratified by cognitive status. There were no associations between plasma total tau level and cognitive decline among the CN participants. Among participants with MCI, each log-unit increase in plasma total tau levels was associated with a greater 15-month decline for both visuospatial ability 
Discussion
This study examined the association between plasma total tau level, cognitive decline, and risk of MCI and dementia. Higher levels of plasma total tau were associated with an increased risk of MCI and with global-and domain-specific cognitive decline. Simulating a short 15-month trial, higher plasma total tau levels were associated only with declines in global cognition and visuospatial abilities among participants with MCI. In all analyses, the association between plasma total tau levels and all outcomes was independent of elevated brain Aβ.
The search for a blood-based biomarker with utility for AD has been confounded by many studies showing initial interesting findings but very little replication. 24 The results of previous studies across 4 cohorts and 2 independent laboratories examining the diagnostic utility of plasma total tau level for MCI or AD using the Simoa HD-1 hTau assay have been consistent. In all studies, participants with MCI or AD had higher plasma total tau levels compared with CN participants. However, there was considerable overlap between groups and no significant differences between CN individuals and those with MCI. 1, 5, 6 Thus, the plasma total tau level has limited utility as a diagnostic marker. Two studies examined the use of the plasma total tau level as a prognostic marker for cognitive decline and dementia. In the first study of patients with MCI, there was no significant difference in plasma total tau levels between those who progressed to AD dementia and those who remained as MCI and did not convert to dementia over a mean follow-up of 8 years. 1 In contrast, a recent study using ADNI data reported that elevated plasma total tau levels were associated with greater declines in measures of global cognition over 4 years. 6 There was a significant interaction between plasma total tau levels and diagnostic group such that the plasma total tau level was only associated with accelerated cognitive decline among participants with aMCI and AD dementia but not CN participants.
In the present study, higher plasma total tau levels were associated with an increased risk of MCI. There was also an increased risk of dementia, but the results were not significant. It is likely that our power was limited since we only had 20 cases of MCI that progressed to AD. Indeed, when we examined cognitive decline, higher plasma total tau levels were associated with global and domain-specific cognitive decline among both CN participants and those with MCI.
In contrast to the ADNI results, the only group interaction that we found was for visuospatial ability such that the plasma total tau level was only associated with decline among participants with MCI. It is possible that this association was spurious. However, when we restricted the follow-up time to 15 months to simulate a short clinical trial, elevated plasma total tau levels were specifically associated with declines in global cognition and visuospatial ability among participants with MCI but not among CN individuals. These results may suggest that plasma total tau levels could help to identify participants in whom MCI will progress fastest. The 2 previous studies did not examine plasma total tau levels and short-term cognitive changes, so our proposed explanation is only a hypothesis, and additional studies are needed to confirm this observation.
Although the present MCSA results are similar to the ADNI results, there are a few methodologic differences that could account for some of the discrepancies described above. First, ADNI enrolls participants with aMCI, while the MCSA includes all participants with MCI. Restricting some of our analyses to individuals with aMCI, however, did not alter the results. Second, the only MCSA enrollment exclusionary criterion is a terminal illness. ADNI has some restrictions regarding vascular and other diseases. If the plasma total tau level is a nonspecific 
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Total Tau Level, Cognitive Decline, and Risk of Cognitive Impairment marker of cognitive decline (discussed below) and the CN MCSA participants have more comorbid diseases and pathologic conditions, this could explain why the association among CN participants was observed in the MCSA but not in ADNI. However, participants were initially oversampled on elevated brain Aβ to cross-sectionally examine plasma total tau level differences by both cognitive diagnosis and elevated brain Aβ, as previously reported.
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Adjusting for elevated brain Aβ did not attenuate the association between plasma total tau levels and cognition. There were also no interactions between plasma total tau level and elevated brain Aβ for any outcome. These findings suggest that the association between plasma total tau levels and cognitive decline is independent of elevated brain Aβ and that plasma total tau level could be a useful prognostic marker for nonspecific cognitive decline, regardless of etiology. This finding is not surprising given that cerebrospinal fluid total tau levels appear to reflect the intensity of neuronal degeneration in AD at a specific point in time, and thus is less specific for AD, while phospho-tau appears to be more specific to AD-type tau pathology. 25 Future longitudinal studies will need to assess the association between plasma total tau level and other brain changes and pathologies. Furthermore, the development and validation of a plasma phospho-tau method might prove to be more specific to AD.
Strengths and Limitations
Strengths of the study include the community-based population and the large number of CN individuals. There are also limitations. First, the plasma sample set was used for 2 separate studies to conserve samples and, thus, underwent at least 1 freeze-thaw cycle before analysis. Second, the study did not include participants with AD dementia. As a result, we were not able to determine whether the plasma total tau level was associated with cognitive decline among individuals with AD or other dementia types. Lastly, we did not adjust for other brain pathologies that could attenuate the association. Future research is needed to discern the association between other brain abnormalities, including brain tau deposition measured via tau-PET, on plasma total tau levels.
Conclusions
Plasma total tau level may be a useful prognostic risk factor or biomarker for cognitive decline, but is not an AD-specific biomarker. Given some of the discrepancies between the 3 studies examining plasma total tau levels and longitudinal cognitive changes, we cannot currently suggest that patients be stratified or selected on plasma total tau levels. Additional studies using other samples and specifically testing short vs long follow-up are needed before this question can be answered. Longitudinal studies examining serial measures of plasma total tau levels, across both the AD cognitive spectrum and in other neurodegenerative diseases, are also needed to determine how to best utilize plasma total tau level as a risk factor or biomarker for cognitive decline. Role of the Funder/Sponsor: The funding sources had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication.
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